The beam calorimeter BeamCal and the photon calorimeter GamCal of the ILC detectors will be used to obtain a set of parameters describing the beam properties at the interaction point. The real-time determination of the parameters is a challenge, but is mandatory to achieve the best possible luminosity for the ILC. We report on our studies about the possibilities to reduce the number of readout channels of BeamCal without significant loss of precision in the beam parameter determination. In addition, the benefit of measuring the beamstrahlung photons energy using GamCal is evaluated. Finally we report on the achievable precision of and the observed correlations between the beam parameters reconstructed in the multi-parameter regime. We also comment on possible solutions how to deal with these correlations.
Introduction
The next-generation facility in high energy physics, the International Linear Collider ILC, will allow to probe a new energy scale in particle physics with unprecedented precision by providing electron-positron collisions at energies of 500 GeV and beyond [1] . Naturally, a very high luminosity is needed for such a machine, which can be achieved only by high intensity beams with beam sizes on the nanometer scale. The monitoring and control of the nanometer-size beams will be a challenging task. Due to the ambitious beam conditions a new phenomenon will occur at the ILC: the creation of beamstrahlung during the collision of the beams. Beamstrahlung consists of photons which are created due to the deflection of beam particles in the electromagnetic field of a crossing bunch. The photons are emitted to polar angles of less than a mrad and leave the detectors at the ILC unhindered. However, a fraction of these photons convert into incoherent electronpositron pairs, which are deflected by the electromagnetic fields during the collision and by the magnetic field in the detector. A fraction of these pairs will hit the calorimeter in the forward region of the detectors and mainly contributes to the backgrounds in the detector. However, the resulting signals from the beamstrahlung pairs in the innermost calorimeter BeamCal can be considered as a benefit. These depositions can be used as a fast measure of the luminosity. When this information is fed to the feedback system FONT [2] of the accelerator, it could improve the luminosity of the machine by 10 % to 15 % [3] . Besides the extraction of a fast luminosity indicator, it is also desirable to extract parameters of the colliding beams from the beamstrahlung pair distribution. BeamCal could be used as a valuable tool to measure beam parameters since the spatial distribution of the energy deposition from pairs contains a lot of information about the primary collision and the properties of the beams. The electron and the positron beams are structured into individual bunches of particles. About every 300 ns these bunches are brought into collision and about 3000 bunches form a train of 1 ms length. The ILC will be able to deliver five of these bunch trains per second. To achieve the best possible conditions during the collisions it is mandatory to obtain the information about the individual collision on a bunch-by-bunch basis. This information may be used to generate a fast feedback signal to the machine to optimize the beam parameters within a train. The latency of this signal should not exceed a few bunch crossings and therefore has to be in the microsecond range. As the total amount of produced data in the BeamCal is about 2 MBit per bunch crossing [4] it is a technological challenge to read out this information every 300 ns. Using a full read out of all information from BeamCal would lead to peak data rates in the range of 10 TBit/s, which would require a large number of high speed transmission lines. The required space, electrical power and costs make this an undesirable solution. The approach for the generation of a fast luminosity signal from BeamCal and for the determination of beam parameters like beam sizes, emittances, offsets, waist shifts, beam rotations and intensities have been described in detail in [5] . It is based on a first-order Taylor series approximation of the dependence of a set of observables on variations of the beam parameters. The first-order Taylor matrix is then inverted using the Moore-Penrose (MP) inverse. The MP-inverse allows to obtain a linear dependence of a set of measured observables to the beam parameters. This approach would allow to obtain the result in a very short time since only matrix multiplication procedure are involved and no fitting routine. The latter is possible to be done using the stored data from BeamCal and could improve the results obtained for the MP-method. We focus our study described in this report on the following topics:
• Single-parameter analysis: due to the very high amount of generated data, we investigate possibilities for their reduction. This includes e.g. the read out of only a few dedicated layers. The design of the corresponding read out electronics, which started in 2007, suggests to cluster the segments of a sensor layer into groups of 16 -32 segments. We investigate the impact of such clusterization on the reconstruction resolution.
• Beamstrahlung photon data utilization: the GamCal will be installed in the very forward region of the ILC detectors, about 180 m downstream the interaction point. GamCal will measure the energy spectrum of the beamstrahlung photons [6] . It provides additional information for the beam parameter analysis. At the present stage of the simulation we investigated the impact of including the total energy of the photon bunch in the analysis. The results prove that the GamCal information is very useful.
• Multi-parameter analysis: the challenge here is the simultaneous reconstruction of many beam parameters. This mode is more sensitive to the reduction of the amount of information contained in the full dataset per bunch collision. The stability of the reconstruction and resolution are usually worse than the in the single-parameter analysis. We studied the correlations of beam parameters and investigated the benefit of using information from other sources.
Detector setup and simulation
The spatial distribution of the energy deposition from beamstrahlung pairs in BeamCal depends on several parameters. Examples are the calorimeter position relative to IP, the detector magnetic field shape and strength and the beam crossing angle. The detector designs used for the analysis implied 14 mrad and 20 mrad beam crossing angles and antiDiD and DiD magnetic fields, respectively. The major emphasis was made on the 14 mrad case [7] since this is the baseline for the ILC. The simulation chain consisted of (1) beamstrahlung pair generation using the GuineaPig generator [8] , (2) tracking and showering of the background in a Geant4 based model of BeamCal and (3) reconstruction of beam-parameters using a fortran program as described in [9] . The most time consuming part of the simulation is the tracking within Geant4 -the simulation of one bunch collision takes about 2.5 hours on a 3GHz CPU. The advantage of GRID computing was employed to simulate more than 1000 bunch collisions.
Reconstruction of the beam parameters
The method of beam parameter reconstruction is described in detail in [9] . It is based on the assumption that the beam parameters can be extracted from the distribution of the energy which was deposited in calorimeter by the beamstrahlung pairs. The list of parameters which were used is the following:
• σ x , σ y , σ z -bunch sizes in x, y and z
• ε x , ε y -emittances in x and y
• ∆x, ∆y -beam offsets in x and y
• W x , W y -waist shifts, horizontal and vertical
• α h , α v -bunch rotations in horizontal and vertical planes
• φ -bunch rotation around the beam axis
• N -number of particles per bunch
The charge density within a bunch is considered to be Gaussian. For the forward and the backward beam directions each pair of parameters, except beam offsets and waist shifts, is substituted by their combination: X = (X f orw + X back )/2 and ∆X = X f orw − X back The dependence of the energy distribution in BeamCal on these parameters is approximated by the first order elements of a Taylor series. To reflect this dependence a set of measurable quantities (observables) describing the energy distribution are introduced and the Taylor approximation can then be written as:
where O is a vector of all measured observables for the BeamCal in the forward and the backward direction. The index meas indicates the values measured with the set of actual beam parameters denoted P act , which are set in Guinea-Pig. The index nom denotes the values measured with nominal parameters (P nom ). M (1) is the matrix of the first order Taylor coefficients. A list of observables should be selected to exploit the maximum of information from the energy distribution. One is free in this task, so the original list of [9] was expanded with a few new observables and some were dropped as unusable or hard to implement. For example, the thrust variable in [9] implies that there is a definite radial direction of the energy spread in the energy distribution. However, from Figure 1 it can be seen that for non-head-on collisions this quantity of the distribution is useless. On top of it, the technique of the thrust calculation involves minimization algorithms, which are rather time consuming comparing to other observables which require only add/multiply/divide actions to compute. All these circumstances make the thrust based observables nonfavorable for the current system's design. For most of the studies covered in this report the list of observables is the following: • E tot : Total energy deposited in calorimeter, calculated by
where E l is the energy deposited in l th calorimeter cell. The sum is taken over all cells.
• r : First radial moment, defined as
where r l is the radius of l th cell's center
: Radial moment to the power of -1
• E γ : Total energy of all beamstrahlung photons. This imitates input from the GamCal in a simplified approach.
• U − D: The vertical energy imbalance. The face plane of the calorimeter is divided into four quadrants relatively to the x and y directions of the detector coordinates (see Figure 2 ). The observable U-D is given as: • R − L: Horizontal energy imbalance, defined as
• Diag: Diagonal energy imbalance:
• N/E: The total amount of particles hitting BeamCal normalized to their energy.
• φ : First angular moment, calculated as
where φ l is the azimuthal angle of the l th cell's center.
• 1 φ : Angular moment of the power -1
• A dir : Direct forward-backward asymmetry calculated as
where E U F , E U B -are the energies deposited in the upper halves of the forward and the backward parts of calorimeter, E DF , E DB -in the lower halves.
• A xsd : Crossed forward-backward asymmetry, defined as
The BeamCal design should foresee a dedicated instrumentation to provide the measurement of the N/E observable. One of the sensor layers can be mounted in front of the first absorber, so that the unshowered particles will deposit approximately the same amount of energy per particle. Thus the total energy deposited in this layer will be proportional to the number of particles hitting the calorimeter during the bunch collision.
To obtain the Taylor matrix one needs to know the slopes of the observables' dependence on the beam parameters. These slopes are calculated by fitting the observables as a function of the beam parameters. The latter are varied around their nominal values. The Moore-Penrose inverse of the Taylor matrix is then obtained using one of the following expressions:
Up to this stage all calculations are carried out offline being based on simulated data. During the accelerator operation the observables from the occurring collisions should be processed by dedicated hardware processors. They are multiplied by the pre-calculated Moore-Penrose inverse to reconstruct the beam parameters which are then to be submitted to the machine steering system. As probing samples we used 30 bunch collisions simulated with Guinea-Pig using nominal beam parameters presets. The reconstruction procedure was fulfilled upon these samples and the resolutions for the beam parameters were calculated from the spread of its results.
The uncertainties in the calculation of the Moore-Penrose pseudo-inverse will introduce systematic errors in the reconstruction. They comprise higher order Taylor series elements and uncertainties of the slope fit. The first is hard to calculate and to take into account. It can be minimized by taking nominal values as close as possible to the estimated real ones. The second error can be reduced by accumulating larger statistics on which the fit is performed, but unlike the first ones it can be propagated to the final reconstruction result. The slope errors which are known from the fitting routine have to be tracked through the calculation of the MP inverse by the following steps:
The error propagation of the stage of the inversion basically consists in the calculation of determinant errors. The methods are described in [10] . The eventual MP inverse errors are to be taken into account when multiplied by the vector of observables.
Fast read-out optimization
We considered two possible ways to reduce the amount of primary data from the readout of sensors in the finely segmented sandwich calorimeter. The first is to choose a small number of most sensitive layers and the second is to merge pads into groups. The region of the maximum energy deposition at the depth of 5 − 6X 0 should be the most sensitive position for the layers to be used in the diagnostics. The pads merging is likely to be implemented according to the electronics fan-out scheme. Each front-end chip is expected to serve 32 channels, one channel per pad. This condition makes it reasonable to define groups of 32 pads, so that each group is served by a single chip. The information from the chip will be the sum of all signals from the 32 inputs.
The grouping within one sector may be performed in different patterns. We investigated a radial and an azimuthal pattern. The radii and angles of the groups should be defined manually since some observables depend on them. Usually the geometrical mean is a suitable value. The groupings used in the present analysis are shown on Figure 3 . The advantage of the radial merging compared to the azimuthal one is that the effects of cross-talk are reduced. These effects should be estimated and taken into account to improve the precision of the measurement.
Single parameter diagnostics
In the single parameter mode each beam parameter is reconstructed individually, i.e. only one parameter is considered to deviate, whereas the others are taken to be at their nominal values. Thus the resolution in this mode is the best one can possibly approach. However, even with the entire information utilized to reconstruct a sole parameter for some parameters the reconstruction is hardly possible. These parameters might have to be reconstructed using other diagnostics tools.
In Table 1 the BeamCal alone, the inclusion of the GamCal information for most of the quantities improves the resolution, especially the one of the bunch sizes. The 20 mrad geometry would give an advantage in reconstruction of the vertical bunch rotations but the rest shows slightly worse or the same precision as in the 14 mrad case. The numbers were obtained using the complete BeamCal data of the full granularity. Here and further the relative errors on the resolution are about 10%. The errors are obtained from the Gaussian distribution of the results of beam parameter reconstruction from the probing samples. The fitted slope value at nominal points can be interpreted as sensitivity of the reconstruction of a beam parameter to a certain observable. Figure 4 shows these slopes normalized to product of standard deviation of the corresponding observable and the resolution of the reconstruction. The slope values should be one in these units if the corresponding parameter is derived completely from this observable. If it is less than one the dependence is less pronounced. The sum of these weights has not necessary to be equal to one, since most of the observables are correlated to each other. The diagram shows the high significance of the beamstrahlung photons energy E γ for the reconstruction of the bunch sizes and offsets. Over the first four years of operation the ILC luminosity will be raised gradually, starting with 10% of its nominal value 2 × 10 34 cm −2 s −1 . The techniques of maintaining lower luminosity levels are not clear yet. If the beam current is controlled by varying bunch charge density the amount of beamstrahlung pairs in BeamCal will change dramatically. The current analysis is done under the assumption that the bunch population is of the order of 2×10 10 particles per bunch. However, a lower bunch charge density will produce less beamstrahlung pairs in BeamCal, meaning poorer beam diagnostics performance. It was shown in [6] that the BeamCal is statistically limited at low ILC beam currents. On the contrary, GamCal will still have good statistics at beam currents as low as 10% of the ILC nominal ones.
Layer selection
Several scans using a reduced number of read-out layers at different positions have been made. It appears that for the single parameter mode one or two layers are sufficient to obtain a precision comparable to read-out of the full calorimeter. Also for most of the beam parameters the resolution delivered from the layers in the first half of the calorimeter is nearly constant. The degradation starts from about the 17 th layer. This behavior is illustrated in Figure 5 which shows the resolution of the reconstructed bunch size in y using the information from the 2 nd to the 20 th layer. The plot shows the results obtained using one and two subsequent signal layers. Table 2 : Influence of the pads grouping and Bhabha events on the resolution of the reconstructed beam parameters.
Clusterization
As mentioned above, the grouping of the pads was done manually so that groups would contain approximately 32 pads and were shaped as symmetrically as possible. The reconstruction capability after grouping was compared using the 6 th layer -the approximate position of shower maximum. The obtained resolution for the azimuthal and the radial schemes and the radial scheme with an 8 bit digitization applied to the energy depositions can be seen in Table 2 . On average the performance of the radial segmentation is slightly better for the bunch sizes. The simulation of 8 bit digitization of the deposited energy in radial segmentation as well as in azimuthal has no significant impact on the reconstruction precision. The final choice of the re-segmentation scheme will depend on results of cross-talk studies.
Effect of Bhabha events
High energy particles from Bhabha scattering are expected to be in the BeamCal acceptance approximately once per 10 bunch collisions. Since each of the particles in the final state has an energy close to the beam energy it is worth to check whether they influence the results obtained for the beam parameter reconstruction. For this purpose each of the 30 probing samples was overlaid with a shower from an arbitrary Bhabha events. The rightmost column in Table 2 contains the resolutions of the reconstruction when Bhabha final states in the calorimeter are included. One can see that even with an overestimated Bhabha rate the precision does not show a significant degradation.
Multi-parameter diagnostics
The multi-parameter analysis is the desired mode to support the beam monitoring system. The analysis tool however has limited capabilities in this case due to correlations between beam parameters. The full set of beam parameters cannot be reconstructed in the present configuration. A list of parameters allowing a relatively stable reconstruction in the 14 mrad crossing angle geometry and their resolutions are shown in Table 3 . The bunch rotations were excluded as they were causing failures of the Moore-Penrose inversion. The 20 mrad geometry allows even only a smaller set of beam parameters for successful reconstruction. As expected the precision of the reconstructed parameters is worse than in the single parameter mode. The relative error can reach up to 200 % for some of the parameters. The reason for this is mainly that the parameters are correlated to each other. From the diagram with the correlation coefficients between the parameters in Figure 6a one can see that the emittances are highly correlated to themselves and to other parameters. Therefore the full multi-parameter reconstruction cannot be expected to deliver a precise result. The diagnostics tool allows to mark certain parameters as externally measured and use their values and resolution to improve the accuracy of others. The diagram in Figure 6b shows the same correlations but with externally fixed emittances assuming a 10% uncertainty. The situation has improved for most of the parameters but some are still highly correlated, e.g. the correlation between bunch sizes in x and in z and between the bunch sizes and beam intensity are above 0.8. One of the possible ways to deal with the correlated parameters is to combine them into one quantity. Figure 7 shows scatter plots for beam parameters pairs (σ x , N ) and (∆σ z , ∆N ) illustrating presumably linear relations between these parameters. The values were reconstructed from probing data samples of the energy depositions. The linear relations mean that these parameters can be replaced by their linear combinations which can potentially be reconstructed with higher precision than the parameters themselves. 0.0 0.00 ± 0.25 0.06 ± 0.14 Table 3 : Multi-parameter reconstruction results with and without beamstrahlung photon energy used as an observable. 
Summary
The beamstrahlung-based method to analyze the beam conditions at the ILC could be very useful in the fast ILC luminosity measurement. It was shown that in the single parameter reconstruction mode it can provide a precise determination of most of the beam parameters. As an example the precision of the vertical bunch size measurement can reach less than 10% in this mode, which is less than a nm. However in the multi-parameter mode it is more difficult to obtain stability and good resolutions for all proposed beam parameters. The reconstruction of a smaller number of important parameters is possible with inclusion of some parameters determined by other measurement tools. Addressing the requirements for the fast luminosity feedback the possibilities to reduce the amount of data to be processed were studied. The single parameter reconstruction delivers stable results if being carried out only one layer with a 32-channel grouping. The effect from employing additional information from the proposed photon calorimeter was found to improve the beam size resolution up to a factor of two. So far the GamCal input was simulated only using the total beamstrahlung photon energy, but it is supposed to provide an energy spectrum measurement. A more detailed study will show what benefits this spectrum measurement could give for the beam monitoring process.
